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Recently, highly efficient and highly polarized fluorescent
polymers have attracted much attention due to their potential
applications in the fields of display devices, such as organic
light-emitting devices (OLED).! To develop such advanced
fluorescence materials with both a high quantum yield and a
highly optical anisotropy, many efforts have been directed
toward molecular design and materials processing.

Poly(diphenylacetylene)s are recognized as intensely emissive
materials because of effective exciton confinement within the
main chain due to the steric hindrance and/or intramolecular
electron interactions of bulky aromatic substituents such as
phenyl rings.> Additionally, poly(diphenylacetylene)s have
extremely high molecular weights of >1.0 x 10° g/mol by
coordination polymerization in the presence of group 5 transi-
tion-metal catalysts, and their backbones are expected to adopt
a considerably stiff main-chain structure due to bulky phenyl
rings with strictly limited rotational freedom.® The high mo-
lecular weight and the inherent chain stiffness allow for lyotropic
liquid crystallinity. Recently, our research group reported
lyotropic liquid crystallinity in a poly(diphenylacetylene) bearing
an n-octadecylsilane moiety in the side chain, poly(1-phenyl-
2-p-{dimethyl-n-octadecylsilylphenyl }acetylene) (1 in Chart 1).*
This is the first report of lyotropic liquid crystallinity in a
disubstituted acetylene polymer. The polymer had a smectic
phase structure in a highly concentrated toluene solution, and
its sheared film showed highly polarized absorption and
fluorescence in the visible region.

Encouraged by these results, we continued investigation of
the fluorescence efficiency and optical anisotropy of other
poly(diphenylacetylene) derivatives (2 and 3 in Chart 1) having
n-octyldimethylsilane and trimethylsilane moieties, respectively,
in the side chain. In this study, we thus focused our interests
on the effect of the alkyl group length. Although 2 and 3 have
almost the same chemical structures as that of 1, the slight
difference in the alkyl length induces significant changes in
fluorescence quantum yield, chain stiffness, and optical order
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Figure 1. Time-resolved emission decay curve of 1 in cast film at three
different emission wavelengths.

parameter. In this paper, we describe in detail the dynamic
fluorescence properties, smectic layer structures, and optical
anisotropy of 1-3.

The syntheses of 1-3 were already reported in previous
papers.®® The polymers used in this study have high weight-
average molecular weights (My,) of 4.2 x 109, 7.5 x 10°, and
5.2 x 106 g/mol, respectively, and polydispersity indices (PDI
= M,/M,) of 2.5, 1.8, and 3.2, respectively.

Polymer 1 showed an endothermic signal around 5 °C in
differential scanning calorimetry (DSC) curve, due to a glass
transition, whereas the other two polymers, 2 and 3, containing
shorter alkyl groups, did not show apparent transition temper-
atures.

Conjugating polymers are able to vary their conformation and
the effective conjugating sequence length. Accordingly, their
electronic states are often widely distributed, leading to the
production of plural photoexcited energy trapping sites.’
Although their photoemission decays may obey multiexponential
decay due to the distributions, a time course decay curve analysis
using the multiexponential decay functions may help us to
understand the excited-state dynamics semiquantitatively. In
order to investigate the dynamic fluorescence properties of 1—3,

Chart 1. Chemical Structures of Polymers 1-3

1: R = octadecyl

2: R = octyl
3: R = methyl
si—CHs
/
HC R
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Table 1. Fluorescence Lifetimes of Polymers 1-3 in Films and Cyclohexane Solutions®
in spin-coated film in cyclohexane
polymer monitor wavelength, nm 71 (fi), ns 72 (f2), ns 21> 71 (f1), ns 72 (f2), ns x?

1 475 0.24 (0.24) 1.18 (0.76) 1.27 1.00 (1.00) 0.72
550 0.05 (<0.01) 1.43 (>0.99) 1.91 1.11 (1.00) 0.99
625 0.08 (<0.01) 1.52 (>0.99) 1.37 1.18 (1.00) 0.75

2 475 0.16 (0.66) 0.77 (0.34) 1.27 0.03 (<0.01) 0.76 (>0.99) 1.84
550 0.03 (<0.01) 1.07 (>0.99) 1.37 0.01 (<0.01) 0.85 (>0.99) 1.07
625 0.05 (<0.01) 1.23 (>0.99) 0.80 0.09 (<0.01) 0.92 (>0.99) 0.79

3 475 0.11 (0.91) 0.44 (0.09) 2.63 0.26 (0.29) 0.66 (0.71) 1.20
550 0.17 (0.78) 0.73 (0.22) 1.68 0.71 (1.00) 1.34
625 0.24 (0.70) 0.92 (0.30) 1.10 0.77 (1.00) 1.34

“ 7, and 7, are lifetimes (ns), fi and f> are fractional intensities, and 2 is the reduced chi-square.

Table 2. Molecular Weights and Physical Properties of Polymers

1-3
molecular fractional
weight, polydispersity viscosity density, d free volume,
polymer My, x 10° index, My/M, index, a [g/cm’] FFV
1 4.2 2.5 1.03 0.96 0.16
2 7.5 1.8 0.79 0.99 0.17
3 52 32 0.80 0.91 0.26

we measured their fluorescence lifetimes with time-resolved
fluorescence spectroscopy. For example, Figure 1 shows the
time-resolved emission decay curve of 1. Table 1 summarizes
the fluorescence lifetimes of 1-3 in films and solutions. Two
exponentials are required to adequately fit the observed decay
dynamics in films. The emissions of 1 are characterized by a
longer dominant fluorescence lifetime (7,) rather than a shorter
one (7). Longer emission wavelengths correlated with the longer
lifetimes. The dominant lifetimes, 7,, of 1 at 475, 550, and 625
nm were 1.18, 1.43, and 1.52 ns, respectively. This reflects a
fluorescence relaxation time for energy migration from higher
to lower energy levels. The lifetime is dependent on the
fluorescence wavelength; this is unusual behavior, and it
probably reflects that exciton diffusion is slow. In contrast with
1, the emissions of 3 are characterized by a shorter dominant
fluorescence lifetime (7)) rather than a longer one (72). The
dominant lifetimes, 71, of 3 at 475, 550, and 625 nm were 0.11,
0.17, and 0.24 ns, respectively. Namely, Table 1 shows another
notable result: the longer the alkyl group in the side chain, the
longer the lifetime. This can be explained by the idea that
exciton deconfinement, along with Si—C rotational motion and
intrachain exciton migration, is strongly restrained with an
increase in the alkyl length of the alkylsilane moiety. This
lifetime dependence on fluorescence wavelengths and alkyl side-
chain length is also clearly shown in cyclohexane solutions.
Actually, the values of the quantum yields were significantly
dependent upon the alkyl length in the side chain. The
fluorescence quantum yields of polymers 1—3 in cyclohexane
were 53%, 38%, and 27%, respectively.

Table 2 describes several physical properties of 1-3. As
previously reported, 1 shows the stiff nature of the main chain,
as determined by the high viscosity index (o¢ = 1.03 in THF at
40 °C).** On the other hand, 2 and 3 have lower a values of
0.79 and 0.80, respectively. The o values of 1-3 are much higher
than that of randomly coiled polystyrene (a. = 0.69). In general,
a rodlike polymer has a high a value, within the range of 1.0
=< a = 1.7, and a semiflexible polymer exhibits an o value in
the range of 0.8 < a < 1.0, while a randomly coiled polymer
shows an o value in the range of 0.5 < a < 0.8.° This means
that the polymer chain of 1 is relatively rigid, and 2 and 3 are
less rigid. Thus, 1 corresponds to a rodlike polymer, and 2 and
3 correspond to semiflexible polymers. This result indicates that
the alkyl group length in the side chain significantly affects the

main chain’s stiffness. The reason for this can be explained as
follows: the considerable stiffness of the main chain is a result
of the strictly limited rotational freedom of bulky phenyl rings
and intrachain van der Waals hydrophobic interactions between
neighboring alkyl groups.

Fractional free volume (FFV) is correlated to a microvoid,
or molecular scale gap, in a bulk solid film, which indicates
the degree of intermolecular chain packing.” The FFV values
of 1-3 were 0.16, 0.17, and 0.26, respectively, as estimated from
their densities of 0.96, 0.99, and 0.91, respectively (Table 2).8
Indeed, the FFV values of 1 and 2 were much lower than that
of 3. This indicates that the flexible long alkyl side chains behave
like solvent molecules even in the solid state to effectively lower
the molecular entropic energy by intermolecular packing.

According to Flory’s theory, in order for a certain polymer
to show lyotropic liquid crystallinity, the following conditions
have to be satisfied.’ First, the polymer concentration has to be
higher than the critical concentration. Second, the polymer must
have a high molecular weight sample. Third, the polymer chain
must be a rigid-rod-like molecule. We have already reported
that in a highly concentrated aromatic solvent such as toluene
1 has a lyotropic liquid crystalline nature due to the high
molecular packing of its long n-alkyl chains and the stiffness
of its main chain. Similarly, 2 and 3 in a highly concentrated
toluene solution showed some characteristic birefringence
textures under a polarizing optical microscope.

Figure 2 shows the WAXD patterns of 1-3 in cast films.
Broad scattering signals are seen in a wide range from 15° to
30° due to the isotropic phase and/or w—u stacking of phenyl
rings in the side chain. As for 1, a signal at a small angle of 4°
is also seen. According to the Bragg equation, 1 = 2d sin 6 (4
=154 A (Cu Ka)), the interlayer spacing, d, is calculated to
be ~22 A.** This is almost the same as the octadecyl length
(225 A), indicating a lamellar monolayer structure. For
comparison with 1, WAXD measurements were also conducted
for 2 and 3, which have an n-octyl group and a methyl group,
respectively, in place of the n-octadecyl group. A sharp signal
at the higher angle of 5.92° was clearly seen for 2. d was
calculated to be ~14.9 A, which is longer than the n-octyl length
(10 A), indicating an interdigitated bilayer structure. As for 3,
a sharp signal was clearly seen at the higher angle of 6.9°, with
a corresponding d of ~13 A. This is much longer than the
methyl length. The rotational freedom of the Si—C bond is
relatively high, and the trimethylsilyl group takes a spherical
shape. Thus, the interlayer spacing may be kept much greater
than the methyl length. This result corresponds well to the high
FFV value of 3. The inset shows the 2D-WAXD patterns of
1-3 in the sheared films. In the sheared films, intense signals at
smaller angles of diffraction appear on the equator, which is
perpendicular to the shearing direction. This indicates that the
smectic layer is parallel to the shearing direction.
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Figure 2. Wide-angle X-ray diffraction (WAXD) patterns of 1-3 in
cast films (inset: two-dimensional (2D) WAXD patterns of the sheared
films). The arrows indicate the signal peaks top in a small-angle region.

Figure 3 shows the polarized absorption spectra of 1-3 in
sheared films as a function of the polarizer angle. The parallel
and perpendicular components of the absorptions were signifi-
cantly different from one another. As the angle of the polarizer
to the shearing direction changed from O to 90° at intervals of
10°, the 430 nm absorption band due to the 7—zs* transition of
the polymer backbone gradually decreased, while the 370 nm
absorption band due to the m—z* transition of localized
electrons in mesogenic repeat units increased.

The optical order parameter (S) is usually used to evaluate
the degree of LC alignment. The S value is defined as S = (Dgps
— D/(Daps + 2),">*1° where D,y is the apparent dichroic ratio
of the absorption. If the molecular axes are ideally parallel and
perpendicular to the shearing directions, the S values will be
1.0 and -0.5, respectively. For 1, the D,y at 430 nm was
evaluated to be 5.56 from the polarized absorption spectra. Thus,
the S value was calculated to be 0.60, which is closer to the
ideal value of 1.0 than —0.5, confirming that the polymer main
chain prefers to align in a direction parallel to the shearing
direction. Compared to 1, 2 and 3 showed much lower D
and S values (2: Dyps = 2.4, 5 =0.32; 3: Dyps = 1.4, S =0.11).
The longer alkyl group probably behaves like a solvent in a
concentrated solution and thus is more effective at aligning the
polymer chain parallel to the shearing direction than the shorter
alkyl chains.

In summary, we clearly verified the effects of alkyl length
on fluorescence quantum efficiency, main-chain stiffness, and
optical order parameter of poly(diphenylacetylene)s containing
alkylsilane moieties in their side chains. The longer alkyl groups
in the side chains correlated with longer lifetimes. With an
increase in the alkyl length, the intrinsic viscosity increases,
leading to main-chain stiffness. A longer alkyl group is more
effective at aligning the polymer chain parallel to the shearing
direction than a shorter alkyl group. These results are expected
to be helpful for molecular design of emissive conjugated
polymers with high quantum yield and large optical anisotropy.
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Figure 3. Polarized UV-vis absorption spectra of (a) 1, (b) 2, and (c)
3 in sheared films as a function of polarizer angle against shearing
direction.
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